ABSTRACT The motions of port valves are a primary aspect to consider in achieving superior reliability and performance of a diaphragm pump, and it is necessary to perform detailed analyses to stabilize the motions of port valves. A transient 3D fluid-structure interaction (FSI) model was proposed to simulate a complete working process of a diaphragm pump and the motions of port valves. The dynamic mesh technique was used, and the deformation of the diaphragm was considered. Detailed descriptions of the FSI model creation development and the simulation methodology for the diaphragm pump were provided. Based on the FSI model, the influences of the back pressure and pump speed on the dynamic characteristics of port valves were analyzed, and the flow rate of the prototype was tested under different conditions on a test rig. The simulation results indicate that an increase in the back pressure and pump speed can lead to a reduction in the flow rate. The motions of the port valves are dependent on the back pressure and pump speed, and the deformation of the diaphragm is only dependent on the back pressure. The opening lag angles of the port valves increase significantly as the back pressure increases, but they are independent of the pump speed. In addition, the opening velocities of the port valves increase with increasing back pressure and pump speed. Finally, the simulation results also show agreement with the experimental data, and the FSI simulation method can predict the dynamic characteristics of port valves in a diaphragm pump.
I. INTRODUCTION
In recent years, selective catalytic reduction (SCR) has become the mainstream exhaust gas treatment technology for reducing the nitrogen oxide (NOx) emissions of diesel [1] - [6] . The urea dosing system (UDS) uses a urea water solution (UWS) as the reductant to convert NOx in the exhaust stream to N 2 and H 2 O by using a catalyst [7] - [9] . The UWS is a corrosive liquid that freezes below −11 • C and crystallizes easily [10] , [11] . A distinguishing feature of a diaphragm pump is the absence of seals, which means that it can be used as the pressure source for the UDS which requires zero leakage. A diaphragm pump also has high metering accuracy, high reliability, and corrosion resistance [12] , [13] .
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. Therefore, the UDS has a strict requirement for the dynamic flow of the diaphragm pump, and it is important to conduct in-depth research on a complete working cycle of the diaphragm pump. As a key component of the pump, the dynamic characteristics of port valves can significantly influence the pump dynamic flow.
Some researchers have proposed theoretical calculations and test methods to analyze the dynamic characteristics of valves. Pei et al. [14] conducted an analysis of the dynamic motion of the valve by experiments based on the U. Adolph Theory and traditional valve theories. Mathew and Hegab [15] presented a set of equations for determining the performance of microscale diaphragm compressors, and the model could determine the dynamic performance of the compressors. Liu et al. [16] established a mathematical model coupled with a compressor, actuator and hydraulic system to analyze the dynamic performance of the suction valve, and the reset time could be improved by increasing the reset spring stiffness and the path diameter of the valve. Wang et al. [17] presented an experimental investigation on valve dynamics. The results show that the inclining angle decreases with an increase in the valve installation distance, but it increases as the volume of clearance and the rotational speed increase. Many researchers have studied the dynamic characteristics of valves using various experiments, and these results could provide useful information for valve testing and the improvement of valve reliability [18] - [20] .
In recent years, numerous researchers have started to conduct computational fluid dynamic (CFD) visualization analyses to investigate the dynamic characteristics of these valves. Aung et al. [21] and Li et al. [22] presented a three-dimensional (3D) steady-state model of a flapper-nozzle valve to study the flow forces and energy loss characteristics, and found that the simulation results showed a relatively good agreement with the experimental results. Wu et al. [23] developed two CFD steady-state methods to obtain the flow-pressure characteristics of a pressure control valve and compared the results of both methods with the experimental data. Qiu et al. [24] developed a twodimensional (2D) transient model of a control valve for studying the dynamic flow behavior. Li et al. [25] used the dynamic mesh technique to simulate the movement of a solenoid valve, and conducted a transient CFD simulation to analyze the dynamic characteristics of the valve. Lee and Park [26] performed a transient CFD analysis to examine the internal flow characteristics of urea injectors depending on the needle movement, and the results were widely used as the basis for urea SCR injector design. Wang et al. [27] built a transient 2D fluid structure interaction (FSI) model of a discharge valve for analyzing the influence of spring stiffness and valve core mass on the valve motion in reciprocating pump. Use of a transient model has been proven as a suitable method for evaluating the performance of valves if the effect of the diaphragm deformation is ignored [28] - [30] . However, the dynamic characteristics of port valves in a diaphragm pump are demonstrated more properly by a transient FSI model considering the deformation of the diaphragm. van Rijswick et al. [31] combined two immersed boundary methods and proposed a novel FSI model of a diaphragm pump, and the calculated results regarding the diaphragm deformation agree with those of experiments. Alberto et al. [32] presented a transient 2D FSI model of an air-operated diaphragm pump using ANSYS-FLUENT R software, and an implementation of parametric UDFs to simulate the alternative displacement of the diaphragm and the FSI of the check balls. Tan et al. [33] developed a transient 3D FSI model of the discharge valve using ADINA R software to analyze the dynamic behavior in a rotary compressor. Tao et al. [34] presented a simulation of the complete compression cycle of a refrigerator compressor using a transient 3D FSI model, and the FSI model was able to accurately analyze the dynamic process of the valve and the results were validated by experiments. These investigations show that it is difficult to build a transient 3D FSI model of a diaphragm pump using ANSYS-FLUENT R , but it can be achieved with ADINA R . Several researchers have investigated the dynamic characteristics of port valves in reciprocating pumps or compressors using a transient 3D FSI model. Ma et al. [35] studied the influence of the valve's lag characteristic on pressure pulsation and performance in a reciprocating piston pump using an FSI model, and the results showed that the lag angles had a significant impact on the internal and external characteristics of the reciprocating piston pump. Tao et al. [34] studied the delayed closure of a suction valve in a compressor by an FSI model, and the results show that the back pressure and pump speed have a great influence on the dynamic characteristics of the valve. However, few previous works have studied the completed working cycle of a diaphragm pump and the dynamic characteristics of port valves using a transient 3D FSI model. Therefore, similar dynamic characteristics of port valves may appear in a diaphragm pump, and the whole working process of a diaphragm pump must be studied.
In this paper, a transient 3D FSI model was proposed to simulate the complete working process of a diaphragm pump and the dynamic characteristics of port valves, and the deformation of the diaphragm and the opening and closing of port valves are considered. The influences of the back pressure and pump speed on the dynamic characteristics of port valves are analyzed. The flow rate and the working chamber pressure of a prototype are tested under different conditions on a test rig. This study may provide guidance for the design of highly efficient and highly reliable diaphragm pumps.
II. NUMERICAL MODELS
A transient 3D FSI model was proposed to investigate the working process of a diaphragm pump by using the commercial software-ADINA R version 9.3 [36] . ADINA R not only provides very efficient FSI capabilities for the solution of problems where the fluids are fully coupled to structures that can undergo a highly nonlinear response due to the diaphragm deformation, but can also control the opening and closing of the port valves through the gap boundary [33] , [34] . In this FSI analysis, the diaphragm pump was divided into a fluid model and a corresponding solid model.
A. PUMP STRUCTURE AND PRINCIPLES
A diaphragm pump is mainly composed of a pump shaft, eccentric wheel, connecting rod, diaphragm, suction valve and discharge valve, which are shown in Fig. 1 . Ball-type port valves are used in the pump. Fig. 2 shows the motion schematic of a diaphragm pump. The rotational motion of an electric motor is converted to linear motion through the pump shaft, eccentric wheel, connecting rod and rigid inclusion. When the diaphragm deforms from the upper dead-center to the lower dead-center, the volume of the working chamber decreases and the inner pressure gradually increases. At the moment that the discharge valve opens and the suction valve closes, the UWS is discharged from the working chamber. When the diaphragm moves from the lower dead-center to the upper dead-center, the suction valve opens and the discharge valve closes, and the UWS is sucked into the working chamber.
The main parameters are shown in Table 1 . The parameters of the discharge and suction valves include the same structure parameters. It is obvious that the diaphragm pump has the following features: high speed, low pressure, small flow rate, etc. 
B. FLUID MODEL
A half symmetric fluid domain is extracted to reduce the computational load, which consists of the working chamber, the suction valve chamber and the discharge valve chamber, as shown in Fig. 3 . The fluid domain is described using 3D 8-node elements, and the fluid is assumed to be a slightly compressible. The motion of the fluid domain is governed by the principle of classical mechanics, and heat transfer is not considered. In a fixed Cartesian coordinate frame of reference, the mechanics can be expressed in conservative forms for mass, momentums and energy, respectively, as follows:
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where ρ is the fluid density, v is the fluid velocity vector, τ is the stress tensor; f B is the body force vector, and E is the specific total energy. The inlet and outlet boundary types are defined as pressure inlet and pressure outlet, respectively. Since the suction and discharge processes in one working cycle of the diaphragm pump are divided by the opening and closing of the port valves, the opening and closing of the port valves are the key to simulating a complete working cycle. Therefore, the gap boundary is set to control the opening and closing of the port valves. The gap boundary is an interface between two fluid domains, and its status indicates the connection or disconnection of the two domains. In this FSI model, the gap boundary condition is controlled by the gap size. Considering the suction valve as an example, as shown in Fig. 4 , the opening and closing values of the gap were set to 0.260 mm 2 and 0.255 mm 2 , respectively. When the gap size is less than the closing value, the fluid cannot flow across the interface and the gap condition functions as a no-slip wall condition to the fluid equations, as shown in Fig. 4 (a). When the gap size exceeds the opening value, the fluid can flow across the interface without involving any treatment of boundary conditions, as shown in Fig. 4 (b). The gap boundary for controlling the discharge valve is set in the same way for the suction valve. In addition, the dynamic mesh technique is used because the port valves motions can change the computational domain. The leader-follower mesh-movement constraints are applied to maintain good mesh quality, which can control a point by forcing it to follow the leader. A leader is a point that is located on a physically moving boundary, and a follower is a point whose movement is determined by its leader. As shown in Fig. 4(b) , the leader and follower points are located on an FSI boundary and a wall boundary of the suction valve, respectively, and the mesh quality is good before and after mesh-movement.
C. SOLID MODEL
The solid domain of the diaphragm pump includes the diaphragm assembly, discharge valve ball (DVB), suction valve ball (SVB), springs, and limiters, as shown in Fig. 5 . The solid domain is described using 3D 8-node elements. The impacts between port valve assemblies are considered by setting the contact conditions. Five contact pairs were defined in the solid model as shown in Fig.6 , which are Contact Pair 1 between the SVB and the valve seat, Contact Pair 2 between the SVB and the valve ball limiter, Contact VOLUME 7, 2019 Pair 3 between the DVB and the valve seat, Contact Pair 4 between the DVB and the valve ball limiter, and Contact Pair 5 between the diaphragm and the diaphragm limiter.
Due to the relatively large deformation of the diaphragm, nonlinear dynamic analysis is adopted in this FSI model. The incremental finite element equilibrium equations can be given as follows:
where M is the constant mass matrix, C is the constant damping matrix, K is the constant stiffness matrix, R is the external load vector, F is the nodal point force vector equivalent to the element stresses, and U is the vector of nodal point displacement increments. Some researchers calculated the motion of the crank in detail [37] , [38] . The upper dead-center of the diaphragm is considered to have a zero crank angle, as shown in Fig. 2 . The motion of the rigid inclusion can be expressed as follows:
where w is the displacement of the rigid inclusion, u is the velocity of the rigid inclusion, e is the eccentricity of the eccentric wheel, λ is the ratio of eccentric wheel eccentricity to connecting rod length, ϕ is the crank angle, and ω is the angular velocity of the eccentric wheel. The rigid inclusion and the valve balls are considered to be rigid. The velocity of the rigid inclusion is loaded by (6) . According to the main parameters shown in Table 1 , the displacement and velocity curves of the rigid inclusion can be obtained in the diaphragm pump, as shown in Fig. 7 . The diaphragm pump is in the discharge process when the crank angle changes from 0 • to 180 • , and in the suction process when the crank angle changes from 180 • to 360 • .
In addition, the rubber material of the diaphragm is deformed. The Ogden material model is used in the rubber material model, which is based on the following equation:
where W D is the deviatoric strain energy density of the rubber, µ n and α n are the Ogden material constants, and λ 1 , λ 2 , and λ 3 are the square roots of the deformation tensor. The Ogden strain energy density equation is modified by substituting the reduced stretches for the corresponding stretches and adding the volumetric strain energy density:
where W V is the volumetric strain energy density of the rubber, and κ is the bulk modulus of the rubber. The strain energy density is calculated as the sum of the deviatoric strain energy density and the volumetric strain energy density, and it depends on the Green-Lagrange strain tensor. Hence, the stress tensor and the incremental material tensor are evaluated as follows:
where S ij is the stress tensor of the rubber, C rs is the incremental material tensor, and ε ij , ε ji , ε rs , and ε sr are the strains of the rubber in different directions.
The stress-strain curve of the diaphragm material is acquired by setting the Ogden material constants. The valve ball, fabric and rigid inclusion materials were POM, nylon and steel, respectively.
D. FSI MODEL
In this FSI analysis, the fluid forces are applied onto the solid, and the solid deformation changes the fluid domain. The computational domain is divided into the fluid domain and solid domain. The two models are defined through their material data and boundary conditions, etc. The interaction occurs along the interface between the two domains. The FSI interfaces are set in the fluid and solid boundaries, and the boundary number in the fluid field is set as consistent with that in the structure field.
The Spalart-Allmaras (SA) model is employed to simulate turbulent flow in the fluid domain. Ling et al. [39] used the SA model to simulate the suction valve internal flow field of the diaphragm pump, and confirmed the accuracy of the solutions.
The standard pressure interpolation scheme is adopted, while the SIMPLE method is used to solve the pressurevelocity coupling problem. An implicit dynamic analysis is used to solve dynamic problems in the solid domain, where the kinematics of large displacement and small strain are assumed. The fundamental conditions applied to the fluid-structure interfaces are the kinematic condition and the dynamic condition, which can be written as follows:
where d f and d s are the fluid and solid displacements, respectively; τ f and τ s are the fluid and solid stresses, respectively; and n i is the unit boundary normal vector. An assumption of a no-slip condition is applied on the interface between the fluid and the structure, so the fluid velocity condition can be expressed as follows:
where v i is the fluid velocity at the interface. According to the dynamic conditions, the fluid traction is integrated into the fluid force along the fluid-structure interfaces and exerted onto the structure node as follows:
where h d is the virtual quantity of the solid displacement. In the proposed solution, the fluid and solid solution variables are fully coupled. The fluid and solid equations are solved individually in succession, using the latest information provided from another part of the coupled system. This iterative procedure is continued until the solution of the coupled equations converges. The computational procedure for two-way coupling is summarized in Fig. 8 . The time steps are set to 1.0 × 10 −4 s for more efficient calculations.
E. MESH-INDEPENDENT VERIFICATION
The mesh-independent verification was conducted by changing the mesh size, and the results are listed in Table 2 . This error is the deviation between the average flow rate and the rated value. The average flow rate increases with decreases in the number of elements, and it remains basically constant as the number of elements in the flow and structure fields are 36580 and 8452, respectively. Therefore, the FSI model is performed using 36580 elements in the fluid fields and 8452 in the structure fields.
III. TEST SYSTEM
A test rig was designed and manufactured to measure the pressure in the working chamber and the flow rate of the diaphragm pump, as shown in Fig. 9 . The pulse generator sends the pump speed signal to the driver, and the stepper motor can be operated at the corresponding speed. The flow control valve can adjust the back pressure. The back pressure is the fluid pressure in the discharge pipe, which is located between the discharge valve and the flow control valve. The electronic scale is used to measure the fluid mass, and the flow rate of the prototype pump is calculated by the weight increasing method. The pressure sensor is used to measure the pressure in the working chamber of the diaphragm pump. The pressure sensor is calibrated before it is used and its measurement accuracy meets the experimental requirements. The data from the pressure sensor are transferred by a data acquisition system to a computer for further data post-processing. The program used for sampling the pressure data is written in LabVIEW R software. All the types and specifications of the test apparatus are described in Table 3 .
IV. RESULTS AND DISCUSSION
In this section, the FSI model was verified by experimental data, and the influences of the back pressure and pump speed on the dynamic characteristics of port valves were studied.
A. MODEL VALIDATION
To validate the FSI model, the flow rate of the diaphragm pump and the pressure in the working chamber are analyzed. Fig. 10(a) provides the variation of the flow rate with the back pressure for the prototype at the rated pump speed. It can be noted that the flow rate decreases with increasing back pressure for the prototype at the rated pump speed. The simulated results are always larger than the experimental data. This is because the simulated model is conducted under ideal conditions. The simulated results are consistent with the experimental results, and the maximum deviation between the simulated results and experimental data is 3.2%. Fig. 10(b) demonstrates the influence represents the influence of the pump speed on the flow rate of the prototype at the rated pressure. It is obvious that the flow rate increases linearly with increasing pump speed. The maximum deviation between the simulated results and experimental data is 3.1%, and the simulated results also show agreement with the experimental data. Fig. 11 shows the pressure in the working chamber of the diaphragm pump changing with the crank angle solution 41.4 • and 223.2 • , respectively. Then the pressure oscillates with the amplitude gradually decreasing. It is similar to the conclusion reached on a compressor in [35] . The maximum difference between the simulated results and experimental values is approximately 0.026 MPa, which is 5.5% smaller than the measured 0.47 MPa at 41.4 • . Therefore, the simulation model is suitable to accurately simulate a complete working process of a diaphragm pump and the dynamic characteristics of port valves.
B. OPENING AND CLOSING OF THE PORT VALVES
The motion of the valve balls is controlled by the difference between upstream and downstream pressure of the valves. Thus, the opening and closing of the port valves are determined by the fluid model pressure. Fig. 12 provides the transient pressure contours during the opening and closing of the port valves at zero back pressure. At 9 • , the diaphragm is close to the upper dead-center and the pressure in the working chamber is larger than the opening pressure of the discharge valve, and the discharge valve is about to open. Subsequently, the pressure in the working chamber drops rapidly and the discharge valve opens at 9.4 • . At close to the lower dead-center of 174.2 • , the pressure in the working chamber decreases quickly and the discharge valve is about to close. Then, the pressure in the working chamber increases and the suction valve closes at 174.6 • . As the diaphragm goes through its discharge process at 189.7 • and 190.1 • , the pressure in the working chamber falls and the suction valve opens. At close to the upper dead-center of 353.9 • and 354.2 • , the pressure in the working chamber increases and the suction valve closes. Moreover, the pressure wave between the suction valve and the inlet is captured effectively during the opening and closing process of the suction valve. The same method is also used to analyze the change of transient pressure during the opening process of the valve in [24] , and the pressure wave transmission in the valve is captured accurately. Therefore, the opening and closing of the port valves in one working cycle of the diaphragm pump can be described by the FSI model. Fig. 13 provides the lift variation of the valve balls under different back pressures at the rated pump speed. The back pressure is varied from 0 to 0.2 MPa and 0.4 MPa in this study. The oscillation amplitude is the difference between the oscillation maximum and minimum, as marked in Fig.13 . The valve ball lifts are dependent on the back pressure. This is because the lifts of the DVB and SVB during the opening and closing process depend on the back pressure. There is an opening lag in the discharge and suction valves, and the lag time is longer as the back pressure increases. The lifts of the DVB and SVB exhibit oscillation during the opening process, and the oscillation amplitude increases as the back pressure increases during the opening process. As the back pressure decreases from0.4 MPa to 0, the oscillation amplitude decreased from 0.082 mm to 0.004 mm (reduced by 95.1%) and these values of the suction valve decreased from 0.096 mm to 0.005 mm (reduced by 94.8%). The lifts of the DVB and SVB also exhibit a slight oscillation during the closing process. The lift trend of the DVB and SVB is the same except for the oscillation during the opening and closing process of the port valves. In addition, the lift trend of the SVB is consistent with that of the DVB due to the same structure parameters. Fig.14 represents the influence of the pump speed on the valve ball lifts at the rated pressure. The pump speed changes from 360r/min to 480r/min and 600r/min. The dependence of the valve ball lift on the pump speed is obvious. The lifts of the DVB and SVB increase with increasing pump speed. For a specific back pressure, an increase in the pump speed means that one working cycle becomes shorter and that the flow velocity of the fluid increases. This consequently leads to an increase in the lifts of the valve balls. The oscillation amplitude increases with increasing pump speed during the opening process. When the pump speed decreases from 600 r/min to 360 r/min, the oscillation amplitude decreases from 0.082 mm to 0.045 mm (reduced by 45.1%) and these values of the suction valve decrease from 0.096 mm to 0.042 mm (reduced by 56.3%). In addition, the opening lag angles of port valves are the same as the pump speed changes.
C. VALVE BALL LIFT
The transient displacement counters at different working conditions are shown in Fig. 15 . The crank angle is described as 36 • , 90 • , 108 • , 216 • , and 270 • . Suppose that the diaphragm deforms downward as a negative displacement, the positive displacement of the diaphragm is equivalent to its deformation. This figure describes the lifts of the valve balls and the deformation of the diaphragm. From Fig. 15(a) (b) , and (c), it can be seen that the discharge valve is open when the back pressure is 0 and 0.2 MPa, and it is still closed when the back pressure is 0.4 MPa. The diaphragm deformation is dependent on the back pressure, which increases with increasing back pressure. From Fig. 15(d) , (e), and (f), it can be seen VOLUME 7, 2019 FIGURE 12. Transient pressure contours at the opening and closing of the port valves with n = 600 r/min and that the DVB opens to the maximum lift except for the oscillation during the opening process. The deformation of the diaphragm increases as the back pressure increases, but the lifts of the DVB are equal to different back pressures. From Fig. 15(g) , (h), and (i), it is clear that the deformation of the diaphragm is independent of the pump speed, but the lifts of the DVB increase with the increase of the pump speed. This is because the diaphragm deformation depends on the pressure in the working chamber. From Fig. 15(j) , (k), and (l), it can be seen that the suction valve is open when the back pressure is 0 and 0.2 MPa, and it is still closed when the back pressure is 0.4 MPa. The opening process of the suction valve is similar to that of the discharge valve. From Fig. 15(m) , (n), and (o), it can be seen that the SVB opens to the maximum lift, except for the oscillation, during the opening process. The deformation of the diaphragm and the lifts of the SVB are approximately equal to the different back pressures, because the suction pressure is independent of the back pressure after the suction valve opens. The discharge process and suction process have similar behavior to that of the lift changes of the DVB and SVB. Fig. 16 shows the opening lag angles of the port valves under different working conditions. Fig. 16(a) shows the opening lag angles of the discharge and suction valves 57246 VOLUME 7, 2019 back pressure. Fig. 16(b) shows that the opening lag angle is independent of the discharge pressure, and the opening lag angles of the discharge and suction valves are almost constant as the pump speed changes. When the pump speed decreases from 600 r/min to 360 r/min, the opening lag angles of the discharge valve decrease from 38.2 • to 37.5 • (reduced by 1.8%) and these values of the suction valve decrease from 37.2 • to 36.4 • (reduced by 2.2%). It is similar to the conclusion reached on the suction valve of the compressor in [34] , and the opening lag angle of the valve increases with increasing back pressure and is approximately constant with increasing pump speed. In addition, the opening angles of the discharge and suction valves are the same under different back pressures and pump speeds.
D. OPENING LAG ANGLE

E. OPENING VELOCITY
The opening velocities of the port valves are related to the fluid force when the valve parameters are determined, and they directly determine the oscillation amplitude during the opening and closing processes. Fig. 17 highlights the opening velocities of the port valves under different working conditions. In Fig. 17(a) , the influence of the discharge pressure on the opening velocities of the port valves is presented. The opening velocities of the port valves increase with increasing back pressure. As the back pressure decreases from 0.4 MPa to 0, the opening velocity of the discharge valve decreases from 0.158 m/s to 0.026 m/s (reduced by 83.5%) and this value of the suction valve decreases from 0.154 m/s to 0.022 m/s (reduced by 85.7%). This is because the pressure in the working chamber becomes so high that the time span for the opening process of the discharge and suction valves is also prolonged. In Fig. 17(b) the influence of the pump speed on the opening velocities of the port valves is described. The opening velocities of the port valves increase with increasing pump speed When the pump speed decreases from 600 r/min to 360 r/min, the opening velocity of the discharge valve decreases from 0.158 m/s to 0.069 m/s (reduced by 56.3%) and this value of the suction valve decreases from 0.154 m/s to 0.071 m/s (reduced by 53.9%). Because the fluid velocity of the working chamber becomes so high that the lifts of the discharge and suction valves increase. This is similar to the conclusion reached on the discharge and suction valves of the compressor in [18] , and the opening velocities of the valves increase with increasing back pressure and pump speed. Moreover, the opening velocities of the discharge and suction valves are the same under different back pressures and pump speeds.
V. CONCLUSION
In this work, a transient 3D FSI model was proposed to simulate a complete working process and the motions of the port valves in a diaphragm pump. A methodology for creating the FSI model was outlined. In particular, the mesh of the port valves using the leader-follower mesh-movement, the gap boundary to control the opening and closing of the port valves, and the Ogden material model to resolve the deformation of the diaphragm were detailed. The procedure to calculate the parameters of the FSI model was also outlined. Based on the FSI model, the influences of the back pressure and pump speed on the dynamic characteristics of the port valves were analyzed and the findings are summarized as follows.
The opening and closing of the port valves and the deformation of the diaphragm in the pump were calculated by the FSI model, and the increases in the back pressure and pump speed led to a reduction in the flow rate of the pump and vice versa. The simulated results also showed agreement with the experimental data.
The motions of the port valves are dependent on the back pressure and pump speed. The change in the back pressure has a great influence on the lifts of the DVB and SVB during the opening process, and the lifts of the DVB and SVB increase with increasing pump speed. Moreover, the motions of the port valves exhibit severe oscillation during the opening process and slight oscillation during the closing process. The oscillation amplitude increases with increasing back pressure and pump speed during the opening process. Moreover, the deformation of the diaphragm is dependent on the back pressure and independent of the pump speed.
The opening lag angles of the port valves increase as the back pressure increases, but they are independent of the pump speed. The opening velocities of the port valves increase with increasing back pressure and pump speed.
In conclusion, this study provides a transient FSI simulation method for studying the dynamic characteristics of the port valves in a diaphragm pump, and it may provide guidelines for the optimal design of high-performance diaphragm pumps.
